We study the dynamics of solid islands deposited on nanopillars using kinetic Monte Carlo simulations. The islands are initially placed on the top of the pillars, in the so-called Cassie-Baxter state. For high pillars, the dynamics is divided into two phases. The first phase corresponds to the deterministic and irreversible impalement of the island. The dynamics of this phase is governed by surface diffusion. Once the island has collapsed, a second phase is observed where the island exhibits Brownian motion along the pillars, characterized by a diffusion constant D i and a kinetic coefficient K i accounting for the interaction of the island with the top of the pillars. The random walk stops when the island reaches the bottom of the substrate, where it sticks irreversibly. When the island wettability is small, the island diffusion constant D i is controlled by adatom diffusion, and scales as the inverse of the number of atoms in the island. In contrast, for large wettabilities, we observe that D i oscillates as the island size is increased. The minimum of the oscillations corresponds to nucleation-limited dynamics, where D i is independent of the island size. We also determine the time for partial irreversible collapse on shorter pillars, leading to the so-called Wenzel state. Finally, we discuss the orders of magnitude of the typical duration of these processes.
I. INTRODUCTION
Understanding nanoparticle-substrate interactions is crucial in order to control the crystalline quality of nanoparticles grown on substrates via various techniques. Recently, it was proposed that these interactions could be fine tuned via substrate nanopatterning. As an example, Si nanopillars 1 and nanoporous Si substrates 2, 3 have been proposed as a replacement to buffer layers [4] [5] [6] [7] for the epitaxial growth of GaN. Indeed, growth on nanopillars reduces the area of contact between the islands and the substrate, and therefore prevents the formation of crystalline defects (such as threading dislocations).
One major question that globally arises from experimental studies is the possibility to grow crystals on the top of nanopillar arrays without impalement or collapse of islands in the nanopillars. Previous work has focused on a static criterion for the limit of stability of islands on the top of nanopillars, 8 or nanotrenches. 9 However, these studies do not provide any information about the dynamics of the collapse. A precise understanding of the impalement dynamics is also crucial in order to assess the limits of validity of growth simulations on nanopillar arrays which neglect the possibility of collapse. 10 Furthermore, nanostructured substrates may help to control the wetting and adhesion properties of deposited nanoparticles, preformed by some other process before deposition, such as metallic nanoclusters on carbon nanotubes. 11 Much attention was devoted to the ordering of clusters on various nanopatterned substrates (see, e.g., Refs. 12 and 13 for recent work on this subject). Our analysis provides a theoretical framework which allows one to gain insights on the dynamics of nanocluster adhesion on novel substrates such as nanowire arrays 14, 15 and nanotube forests. 16 The study of fundamental processes at play during nanoparticle wetting and adhesion on nanopillar substrates could also lead to innovative paths to prevent nanoparticle pollution, or to enhance the probability for particles to stick to the substrate.
The central aim of this paper is to study the dynamical evolution of crystalline islands in contact with periodic nanopillar arrays by means of kinetic Monte Carlo simulations. While the analogy between solid islands on nanoscale pillars and liquid droplets on microscale pillars 17, 18 has been conceptually very helpful to understand the criteria for the limit of stability of solid islands; 8, 9, 19 such an analogy is not so much enlightening for dynamics because the physical processes at play are very different. Indeed, mass transport mainly occurs via surface diffusion in the case of solids, as opposed to hydrodynamics for liquids. In addition, slow shape changes of faceted crystals usually involve two-dimensional nucleation, which has no counterpart in usual liquids. We shall see in the following that these two processes, surface diffusion and two-dimensional nucleation, actually control the dynamics.
Following Ref. 9 , we define a wettability parameter χ from the balance between surface and interface energies. Recent work has focused on the dynamical behavior of islands when the pillars are very short, mimicking substrate roughness or nanoporosity, with very large χ . 19 It was found that an imbibition film can be formed. Here, we shall focus on the case corresponding to typical experiments such as in Refs. 1 and 3, where the pillar height is of the same order as, or larger than, the island size. We find that the evolution of a crystalline nanoparticle initially at the top of the pillars can be decomposed into two stages. In the first stage, the island is irreversibly impaled into the nanopillar array. This first stage stops when the pillars pierce the nanoparticle from side to side, i.e., when the top of the nanoparticle reaches the top of the pillars. A simple analytical model accurately reproduces the simulation results, and shows that the total time T c of the impalement process diverges as (χ − χ c ) −1 when approaching the critical wettability χ c above which spontaneous impalement is observed.
During the second stage, the nanoparticle undergoes Brownian motion along the pillars. Using different methods, based on the mean-square displacement, on position autocorrelation, and on the effective hopping of the island, we extract the island diffusion constant D i and an additional kinetic coefficient K i describing the interaction between the island and the top of the pillars. The total time T d for the island to reach the bottom of the pillars where it sticks is calculated for arbitrary D i and K i .
When the wettability of the island is small, the island Brownian motion is controlled by the diffusion of adatoms along lateral facets. In this regime, D i ∼ 1/N , where N is the number of atoms in the island. A simple analytical model is shown to account for the 1/N dependence, and provides us with a prefactor with the correct order of magnitude. When the wettability is larger, the nanoparticle diffusion constant exhibits an oscillatory behavior as a function of N . We argue that these oscillations are the consequence of oscillations of the equilibrium shape. 20 Around the minima of the oscillations, nanoparticle diffusion is controlled by two-dimensional nucleation on the top and bottom facets. As a consequence, the nanoparticle diffusion constant D i around the minima of the oscillations is independent of N .
In addition, we propose that the nonvanishing kinetic coefficient K i observed for large χ is the consequence of a line-energy contribution when the island is in contact with the top of the pillars.
Finally, in the presence of shorter pillars, we also obtain an expression for the time T W for partial impalement of the island, leading to the so-called Wenzel state. 
II. KINETIC MONTE CARLO SIMULATIONS

A. KMC model
In order to study the dynamics of solid nanocrystals deposited on complex substrate morphologies such as nanopillars, we use a three-dimensional (3D) kinetic Monte Carlo (KMC) model similar to that of Ref. 9 . We use a cubic lattice, and periodic boundary conditions. The lattice parameter and atomic volume are, respectively, denoted as a and = a 3 . Each site can be occupied by a crystal atom, a substrate atom, or can remain empty. Each atom of the nanocrystal may have bonds of energy J 1 with nearest neighbors, and J 2 with next-nearest neighbors. The bond energies are, respectively, J s1 and J s2 if the neighbors are substrate atoms. For the sake of simplicity, we impose an additional relation between the bond energies J s2 /J s1 = J 2 /J 1 . We define two dimensionless parameters. The anisotropy parameter ζ = J 2 /J 1 controls the equilibrium crystal shape. At low temperature, when ζ = 0, the equilibrium shape is a cube. Increasing ζ leads to larger and larger (110) and (111) facets. We use ζ = 0.2 in all simulations. In Ref. 9 , it was shown that at k B T /J 1 = 0.5, the equilibrium shape is completely faceted, and is well approximated (up to ∼ 1%) by using zero-temperature facet energies instead of surface free energies. We shall therefore use this approximation in the following. The second parameter is the wettability χ = J s1 /J 1 , which accounts for crystal-substrate interactions. In the low-temperature regime, where facet free energies are well approximated by their energies, one has
where γ sv , γ as , and γ av are the substrate-vacuum, adsorbatesubstrate, and adsorbate-vacuum free energies, respectively.
Note that χ is defined with respect to a given orientation, which is (100) in our simulations. For isotropic solids, the wettability parameter is linked to the Young angle θ Y by the relation 9 2χ − 1 = cos θ Y . In the following, we only consider the case of partial wetting, where χ < 1. The precise value of χ depends on the system. As an example, one finds χ = 0.65 for Si(100) on amorphous SiO 2 (SOI system), [22] [23] [24] We consider a substrate decorated with a square array of nanopillars with a square section. Substrate atoms are frozen and do not move. The periodicity in the x and y directions, the pillar width, and the pillar height are, respectively, denoted as x , y , p , and pz . We shall always consider the case with x = y in the following. We implement surface diffusion via the hopping of surface atoms along the nanocrystal surface. We restrict the motion of atoms to nearest-neighbor hops. Atoms may move to positions where they have at least one other island atom in the nearestor next-nearest-neighbor positions. The hopping rate is
with i = 1,2,s1,s2, n i is the number of neighbors of type i, and ν 0 is an attempt frequency (typically ν 0 ∼ 10 13 Hz). The simulations are performed at k B T /J 1 = 0.5 corresponding to typical hopping barriers along crystal surfaces. Indeed, our parameters correspond to a diffusion barrier E d = J 1 (1 + 4ζ ) approximatively equal to 0.1 eV at T = 300 K or to 0.3 eV at T = 1000 K. Here, we do not aim to mimic a specific system. Our goal is rather to point out typical scenarios that can generically be observed in various systems.
B. Main KMC results
We start with a cubic-shape nanocrystal at the top of the pillars, in the so-called Cassie-Baxter configuration as presented in Fig. 1(a) . Such an initial condition could either result from a growth process as in Ref. 1, or from the direct deposition of a preformed nanoparticle. We consider an initial island of square section in the (x,y) plane, extending up to the outer edges of the n p × n p pillars with n p = 2 or 3. Hence, the number of atoms in the island is
3 / . Following Ref. 8 , this state is denoted as the "pinned state." We are interested in the case where χ is large enough for the island to be unstable with respect to impalement. In such a situation, we observe an evolution in two main stages.
First, the island is spontaneously "impaled" by the pillars, as shown in Fig. 1(b) . This process occurs in the situation where the top of the island reaches the top of the pillars, as in Fig. 1(c) . This evolution is irreversible as illustrated by the decrease of total energy (which is in our case a good indication of the behavior of the free energy) shown in Fig. 1 . Note that (i) larger χ leads to faster impalement, and (ii) larger N leads to slower impalement.
In the second stage, the island exhibits Brownian motion along the pillars, and moves randomly upwards or downwards in a configuration corresponding to Fig. 1(d) . This is a diffusive process as indicated by the flat energy profile in Fig. 1 . At first sight, we do not observe a simple evolution of the diffusion process when N is varied. However, diffusion seems to be slower when χ increases. Finally, the random walk stops when the island touches the substrate at the bottom of the pillars, and the island sticks irreversibly, as shown in Fig. 1 (e). This latter process is accompanied with a sudden macroscopic decrease of the energy in Fig. 1 . Once the island sticks to the substrate, no motion of the island is observed.
In the following, we study separately the two stages of the dynamical evolution. Then, in Sec. V, we shall discuss the global properties of the complete process where these two stages may combine, and the case of partial impalement.
III. IRREVERSIBLE IMPALEMENT
A. Model
In order to simplify the equations, we consider the limit ζ 1 where the (110) and (111) facets are neglected. The crystal then only exhibits (100) facets. The impalement is caused by a mass flux from the top facet to the bottom facet. This mass flux is driven by the difference of local chemical potential μ = μ(z = −h) − μ(z = h * ) between the top facet at z = −h and the bottom facet at z = h * . Note that the z axis is pointing downwards in Fig. 1 . As mentioned above, we consider an island in the so-called pinned state on n p × n p pillars. In this state, the lateral extent of the island = (n p − 1) x + p is constant, thus, the only degree of freedom is the height h (or h * ) defined in Fig. 1(b) . For an island of N atoms, we obtain the value of the local chemical potential from the total free energy F at z = −h, using the relation μ = (∂F /∂h)/(∂N/∂h):
Similarly, one finds
In these expressions, γ av is the free energy for the crystalvacuum surface. The condition μ = 0 provides us with the critical value 
Expressions (6) assume that adatom attachment-detachment kinetics from the top and bottom regions are fast enough for local equilibrium to be obtained at z = −h and h * . Note that C(−h) and C(h * ) are independent of time. To compute the expression of the equilibrium concentration of adatoms C eq , we use detailed balance between adatoms and a kink site: ν kink = C eq D ad , where ν kink is the adatom detachment rate from kinks, and D ad is the adatom diffusion constant. This condition leads to
The lateral facets of the islands are decomposed into two zones: (i) −h < z < 0 and (ii) 0 < z < h * . The effective widths through which adatoms diffuse are different in these two zones and are defined as (i) W = 4 and (ii) W * = 4( − n p p ), respectively. In the so-called quasistatic approximation, we assume that adatom diffusion is much faster than morphological evolutions, leading to D ad ∂ zz C(z,t) = 0 in both zones (i) and (ii).
The concentration C(z,t) is thereby a linear function of z.
Matching between the two zones is imposed via the continuity of the concentration
In addition, local mass conservation imposes a constant total mass flux along z:
These two conditions allow one to determine the full concentration profile C(z,t). Then, from mass conservation at the top and bottom facets,
where S = 2 and S * = 2 − n 2 p 2 p are the areas of the island sections in the upper (z < 0) and lower (z > 0) parts, respectively. The solution of the above equations reads as
where h 0 = h(t = 0), and
with
Finally, the typical time of collapse is obtained from the equation h(T c ) = 0, leading to
where φ = n p p / is the square root of the volume fraction occupied by pillars when the island is completely impaled. Note that when χ → χ c , the time of collapse diverges as
Note that the divergence of the time of collapse T c is a consequence of the cancellation of the driving force for impalement as χ → χ c , and is therefore similar to the usual critical slowing down observed in the vicinity of phase transitions.
B. KMC results
In order to investigate the validity of the model discussed above, we simulate the impalement of an island of 2744 atoms with ζ = 0.2 and k B T /J 1 = 0.5. The initial configuration is a Cassie-Baxter state on n p × n p pillars, with n p = 2 or 3. The lateral periodicity of the substrate is x = y = 6, and the width of the pillar is p = 2. The evolution of the bottom facet position h * and its standard deviation are plotted on Fig. 2 . The fluctuations of h * increase as χ → χ c . Indeed, as the driving force decreases when approaching χ c , thermal fluctuations come to the fore, and the impalement dynamics becomes noisier. However, we have observed no change in the island shape when approaching χ c .
The KMC results indicate a somewhat slower impalement as compared to Eq. (12) . This discrepancy could be caused by the finite value of ζ = 0.2 used in the simulations, while ζ = 0 0.0 1.0×10 
in the analytical model. Nevertheless, the qualitative behavior is caught, and islands collapse faster as χ is increased.
The end of the collapse corresponds to the configuration where the top facet has reached the top of the pillars, i.e., h = 0. This condition corresponds to h * = h i , where h i is the height of an impaled island [see Fig. 1(d) ]. In the conditions of Fig. 2 and for an island with sharp edges between (100) facets, i.e., ζ = 0, we find h i ≈ 17. Using a more precise calculation at finite ζ based on the truncation of the sharp edges with (110) facets, discussed in Appendix A, we find a value of h i slowly increasing from 17 to 18 when χ is decreased from 1 to 0. This limit is indicated by the hatched region in Fig. 2 .
In Fig. 3 , the total time of impalement T c for islands with N = 8 3 = 512 atoms and n p = 2 and with N = 14 3 = 2744 atoms and n p = 3 is plotted for different values of χ . Although it underestimates T c , the simple analytic model Eq. (15) provides good agreement with the KMC simulations.
Note that the island stays in the pinned state during most of the irreversible impalement, spanning the full width up to the outer edges of the pillars so that = (n p − 1) x + p . However, when there are one or two layers left (i.e., when h ∼ a), the part of the island above the pillars shrinks laterally. At large χ , this process is accompanied with a slowing down of the impalement dynamics during the last stages of the impalement process, as seen in Fig. 2 . Since this process occurs in a short time scale, it has very little influence on the global dynamics, and we shall discard it in the following.
IV. DIFFUSION ALONG THE PILLARS
In this section, we analyze the diffusive behavior observed in KMC simulations after the irreversible impalement. We start in Sec. IV A with the analytical modeling of the global statistical properties of the island trajectory. We propose that this trajectory is described by two kinetic coefficients: the island diffusion constant D i and an additional kinetic coefficient K i . In Sec. IV B, we propose a methodology to extract D i and K i . Then, we provide a physical analysis of the mechanisms that underlie these kinetic coefficients. Based on the analysis of the simulation results, we find two limiting behaviors of D i , limited either by adatom diffusion or two-dimensional diffusion on the top and bottom facets in Secs. IV C and IV D. Finally, we propose that the kinetic coefficient K i arises as a consequence of a line-energy contribution in Sec. IV E.
A. Model for island diffusion
Once the deterministic impalement is over, the island explores a flat energy landscape and diffuses along z between two boundaries. The first one, a reflecting boundary, corresponds to the top of the pillars as in Fig. 1(c) 
Using typical orders of magnitudes for our KMC simulations by thermal fluctuations, we find E top ∼ 10 2 (1 − χ ) k B T . Hence, this barrier can not be overcome by thermal fluctuations.
Second, we have an absorbing boundary at the bottom of the pillars at h * = pz , shown in Fig. 1(e) . Indeed, the transition h * = pz − 1 → pz corresponds to an energy gain
again, much greater than the thermal energy. As a consequence, the island sticks irreversibly when it touches the substrate at the bottom of the pillars.
We consider a discrete model for island diffusion, with integer positions n such that the top facet is at z = na. Then, n = 0 corresponds to the end of the irreversible impalement [ Fig. 1(c) ]. Note that since the island extent h i = N/S * along z is constant during diffusion, z represents the position of the island center of mass Z c.m. up to a constant shift equal to h i /2. In order to avoid unnecessary complications in the expressions, we also redefine the origin of times t → t − T c , so that t = 0 now corresponds to the end of the irreversible impalement and to the beginning of the diffusion process.
The transition rates for island motion along the z axis are assumed to be equal to γ everywhere except at n = 0. We assume that, due to the different environment at n = 0, we have a different hopping rate γ 0 . In addition, although the problem is physically defined for n 0, we artificially extend it to negative values of n assuming the n → −n symmetry. Subsequently, we build the master equation considering island diffusion as a Markovian process on n:
In the system of Eq. (18), P n (t) refers to the probability to be at the position n at time t. Equation (18) suggests the following continuum limit:
where
refers to the diffusion coefficient of the center of mass, and
is a kinetic coefficient which accounts for the possible variation of the island hopping rate at z = 0. We first assume that pillars are long enough, and we neglect the existence of the absorbing boundary conditions at the bottom of the pillar. We solve Eq. (19) in perturbation for small K i . To first order, P (z,t) = P 0 (z,t) + K i P 1 (z,t), where P 0 is the classical Gaussian solution of the diffusion equation. The solution of Eq. (19) gives, to first order in K i ,
From this expression of P (z,t), we find
Note that such a perturbative solution breaks down at short times, when t K i . The diffusion process stops when the island reaches the bottom of the pillars, as in Fig. 1(e) . We define the average time T d of diffusion before reaching the bottom of the pillars. Starting from Eq. (18), we estimate the time of diffusion T d as a first passage time using methods described in standard textbooks:
We may check that, as expected intuitively, a larger D i and a positive value of the kinetic coefficient K i [corresponding to γ 0 > γ using Eq. (21)] both lead to a decrease of the total time of diffusion T d .
B. KMC simulations
During the island Brownian motion in KMC simulations, we store the position of the center of mass as a function of time. We have used three different methods to extract the kinetic coefficients D i and K i . In method 1, we evaluate z(t) (23) respectively]. Here, the pillars need to be high enough for islands not to reach the bottom of the pillars. The second method, hereafter denoted as method 2, aims at the determination of D i only. We start with an island at half-height of high pillars. If the pillars are long enough, the island will never reach the bottom nor the top of the pillars during the simulations. As a consequence, we have a pure diffusion process along z (without any boundary condition), and we may determine the diffusion constant D i via the usual position self-correlation function
where the average is performed over t. Method 3 uses the same setup as method 2. However, instead of measuring the self-correlation function, we wish to measure directly the hopping frequency γ entering in Eq. (18) . In order to do so, we discretize the recorded center-of-mass position z(t), with a bin size equal to the atomic length a, leading to the integer position n(t). We define the average escape time as the average time τ i necessary to leave a given integer position n, to go to n + 1 or n − 1. Then, we expect τ i = (2γ ) −1 , and thus
While the three methods are in principle equivalent, method 3 is much faster to implement because it requires averaging over much smaller samples. However, method 3 is less precise because (i) it assumes that there are no correlations in the island dynamics at time scales larger than the time scale corresponding to the motion of the island by an atomic distance, and (ii) the discretization of the position leads to some error, and may require us to perform a running average on the trajectory in order to eliminate spurious fast fluctuations, when they are larger than one atomic distance. In our measurements, we have performed a running average on two (neighboring) points along the whole trajectory in all measurements with method 3.
Examples of typical trajectories obtained when starting at half height of the pillars are shown in Fig. 4(a) . Using these trajectories and method 3, we find D i , which is reported in Figs. 4(b) and 4(c) . We shall first notice a monotonic decrease of D i as a function of N for small χ . In contrast, strong oscillations of D i as a function of N are observed for high values of χ . The periodicity of the oscillations is equal to the number N = S * /a 2 of atoms in one atomic layer of the island in the plane perpendicular to the pillars. The position of the maxima and minima of the oscillations appear to be shifted towards larger values of N when χ is increased. Figure 5 shows that the results of methods 1, 2, and 3 are equivalent, and that D i typically decreases when increasing χ . (However, due to the shift of the oscillations, the decrease of D i with χ for fixed N is not necessarily monotonic as seen on Fig. 4) .
In addition, the results of method 1 also allow one to extract the value of K i . As discussed in Appendix B, the statistical error on a measurement of the mean-square displacement with M runs grows linearly in time. As a consequence, the correction proportional to K i , which behaves as t 1/2 in Eq. (24), is always smaller than the statistical error at long times. The details of the evaluation of the statistical error are reported in Appendix A. By combining this constraint with the criterion of validity of the perturbative expansion used to obtain Eq. (24), we find Note the large factor 12π in the denominator of the right-hand side of the inequality. In the following, we show results with averages over M = 90 runs, and M/12π ≈ 2.4. Hence, the window on which K i can be evaluated is small, and it is difficult to obtain accurate values of K i . However, clear evidences of a nonvanishing positive K i are found whenever the value of χ is greater than 0.6. As shown in Fig. 6(a) , the two fits at χ = 0.4 using Eq. (24), with and without the correction proportional to K i , are barely distinguishable. On the other hand, Fig. 6(b) at χ = 0.7 and 0.8 shows a strong difference between the two fits. Obviously, for high values of χ , the correction can not be neglected. In addition, note that similar values of K i are obtained at the minima and at the maxima of the oscillations of D i .
Finally, a careful analysis of the trajectory in Fig. 4 (a) indicates that the center-of-mass position Z c.m. exhibits steps at well-defined positions for large χ around the minima of the oscillations of D i . These steps disappear around the maxima of the oscillations for large χ . In addition, no step is observed for smaller χ .
In the following, we try to rationalize these behaviors. First, we show that the small-χ regime is controlled by adatom diffusion. Then, we discuss the mechanism leading to the oscillation of D i , and propose that the dynamics in the minima of the oscillations is controlled by two-dimensional nucleation on the top and bottom facets. Finally, the physical origin of the coefficient K i is related to a line-energy contribution at the top of the pillars.
C. D i in the diffusion-limited regime
Let us assume that island diffusion is controlled by the diffusion of adatoms along the lateral sides. When a given adatom indexed by the integer j = 1, . . . ,N ad is moving by a length z j = a along the z axis on the lateral facets, it contributes to the displacement Z c.m. = a/N of the center of mass of the whole island. Since the typical time step for adatom motion along z is t = (2ν ad N ad ) −1 , where ν ad is the adatom hopping frequency, the island diffusion constant along z is
Introducing the adatom concentration C ad = N ad /A where
is the area of the lateral sides of the island, we find
Hence, we obtain D i ∼ N −1 in agreement with KMC simulations at small χ , as shown in Figs. 4(b) and 4(c) (thick solid orange curve). Since the island is at equilibrium, we expect C ad = C eq where C eq is defined in Eq. (7). 
D. Oscillations of D i and nucleation-limited regime
For larger values of χ , the oscillations of the island diffusion constant exhibit a striking similarity with the oscillations of the equilibrium shape of small islands experimentally observed in the work of Tersoff et al. 20 We may speculate that (110) orientations, which have a more opened geometry (i.e., atoms in the facet have less neighbors and are easier to detach), play the role of the thermodynamically rough parts in the nanocrystal. Then, the results of Ref. 20 suggest that the equilibrium shape of small crystals oscillates between (i) a shape without (110) facets and with an island on the (100) facet, and (ii) a shape with no island but with finite (110) facets.
From the direct observation of the images of the configurations, shown in the inset of Fig. 7 , we have not been able to identify a systematic shape change associated to the oscillation of the diffusion constant. However, the existence of shape oscillations is confirmed by the statistical analysis of the occupation numbers of the layers close to the top and bottom facets. As shown in Fig. 7 , these occupation numbers exhibit different behaviors in the minima and maxima of the oscillations, indicating a structural change at the top and bottom facets. The peaked distribution of occupation numbers of the outermost layer around the minima of the oscillations indicates faceting of the top and bottom regions [ Fig. 7(a) ], while the widening of the distribution of the outermost layer around the maximum of the oscillations [ Fig. 7(b) ] suggests surface roughening, or the presence of two-dimensional islands.
Furthermore, we notice that around the minima of the oscillations of D i , the evolution of the island position along z exhibits well-defined steps, the height of which corresponds to one atomic layer, as shown in Fig. 4(a) . This is a clear indication of two-dimensional nucleation-limited dynamics on the top and bottom facets: the island waits for a long time at a given position along z, with small fluctuations related to adatom diffusion, and then suddenly hops by one atomic distance when a new layer is formed above or below the island. The presence of nucleation-limited dynamics indicates that the top and bottom regions should be faceted (in the thermodynamic sense), in agreement with the conclusions from the occupation number histograms in Fig. 7 . If the rate of nucleation of a new layer is ν nuc , the island diffusion constant is D i = a 2 ν nuc . Note that ν nuc must be independent of the island extent h i along z, and therefore, D i should be independent of N. This is in agreement with KMC simulations in Fig. 4(c) , where the minimum value of D i in the oscillations is seen to be independent of N .
In contrast, the dynamics of the center of mass around the maxima of the oscillations does not exhibit any step in Fig. 4(a) . Moreover, the value of D i at the maximum is a decreasing function of N , as seen in Fig. 4(c) . The decrease of D i at the maximum of the oscillations is slower than 1/N , suggesting that the dynamics is not purely limited by diffusion or nucleation, and could, e.g., be in a mixed mode combining nucleation and adatom diffusion. Such intermediate exponents indicating a crossover were already discussed and observed for the diffusion of two-dimensional islands. [32] [33] [34] The analysis of two-dimensional nucleation on the top and bottom facets in our system is complex because of several reasons: (i) the geometry of the facets is complicated, it is not sufficient to consider a simple circular nucleus; (ii) the wetting conditions of two-dimensional islands at the pillars must be taken into account; (iii) the edge free energy of atomic steps should be known quantitatively with a good accuracy; (iv) the island size is small and the system therefore suffers strong finite-size effects which makes difficult a quantitative thermodynamic description of the (100) and of the (110) facets. As a consequence of the combination of these difficulties, we have not been able to provide a quantitative analysis based on the direct calculation of nucleation barriers. However, we may suggest a global qualitative picture for the origin of the oscillations. As discussed in Ref. 20 , more faceted crystals exhibit stronger shape oscillations. We show in Appendix A and in Fig. 10 that, using a simple continuum model which does not account for the possibility of island formation of the top and bottom facets, the width h of (110) facets, shown in Fig. 8 , decreases when χ is increased. As a consequence, when h is large, i.e., when χ is small, the shape oscillations should be weak. In contrast, when h is small, i.e., when χ is large, shape oscillations should be strong. These trends are in agreement with the KMC results. Let us assume that the top and bottom surfaces are faceted when the total island height reaches an integer value. Then, since h is a decreasing function of χ , the value of N at which the island is faceted is an increasing function of χ . This is the origin of the shift of the oscillations towards higher values of N when χ is increased. Hence, the interpretation based on the variation of h is globally in good qualitative agreement with the KMC results.
E. Kinetic coefficient K i
The values of K i obtained via method 1 allow one to determine the effective hopping rate γ 0 from Eq. (21) . For an island of N = 512 at χ = 0.8, the transition rate at n = 0 is γ 0 = 7.7γ and for χ = 0.7 we have γ 0 = 7.7γ . Using an island of N = 528 at χ = 0.7, we find γ 0 = 12γ . This effect vanishes and γ 0 ≈ γ for χ 0.6. For example, we find γ 0 = 1.04γ at χ = 0.6.
As discussed earlier, the values of K i extracted from KMC simulations are not very accurate. However, a simple model allows one to recover the correct order of magnitude for K i . We start with the assumption of an Arrhenius form for the 
whereγ is a typical frequency. Hence, the energy increase associated to the position n = 0 reads as
We propose that this energy change is controlled by the lineenergy cost E L of dangling J s2 bonds when h = 0 [ Fig. 1(c) ].
We find
where h is the width of the (110) facets projected on the (100) plane (see Fig. 8 ). The expression of h is calculated in Appendix A within a low-temperature approximation. In Fig. 9 , comparison between E L from Eq. (35) and E 0 − E obtained from simulations via Eq. (34) is seen to provide reasonable agreement, given the strong approximations made above. As a conclusion of this section, and combining the results above with Eq. (21), we propose that
V. DISCUSSION
Three remarks are in order.
(i) We may define the total time of collapse T tot as the time to reach the bottom of the pillars from the Cassie-Baxter state:
state, the formation and coalescence of islands on the top of the pillars must be faster than T c (or T W if the pillars are shorter).
VI. CONCLUSION
The dynamics of islands on nanopillar arrays can be decomposed into two stages: the first stage is an irreversible impalement. In the second stage, the island exhibits Brownian motion along the pillars. This second stage ends when the island reaches the bottom of the pillars, where it sticks to the substrate.
Mass transport is limited by adatom surface diffusion in the first stage. In the second stage, the island diffusion constant D i and the kinetic coefficient K i characterize the dynamics. For small wettabilities χ , the kinetics are controlled by adatom diffusion and D i is inversely proportional to the number of atoms in the island N . For larger χ , D i oscillates as a function of N. In the minimum of the oscillations, D i is independent of N, and the dynamics is limited by two-dimensional nucleation. The existence of a nonvanishing K i for large χ can be traced back to a line-energy contribution appearing when the top of the island reaches the top of the pillars. The diffusion behavior at large χ was clearly the most delicate regime to study. Indeed, the dynamics seem to be strongly influenced by the details of the equilibrium shape, such as the size of small (110) facets, and line tension effects (both controlled by the shape parameter ζ ) which were unimportant in the diffusion-limited regime.
Our results allow one to evaluate the total time T c of irreversible impalement [Eq. (15) Our results, combined with those of Ref. 19 , provide a global description of the diverse dynamical pathways for island morphological evolution on nanopillar arrays. They also provide milestones for the study of dynamics in systems with different geometries such as nanotrenches 9, 37 or substrates with random roughness.
